Search for Exclusive 77 Production in Hadron-Hadron Collisions 



T. Aaltonen,23 A. Abulencia,24 J. Adelman/^ T. Affolder,!" T. Akimoto,^^ M.G. Albrow,i^ S. Amerio,''^ 
D. Amidei,^^ A. Anastassov,^^ K. Anikeev/"^ A. Annovi/^ J. Antos,^** M. Aoki,^^ G. ApoUinari/"^ T. Arisawa,^'' 
A. Artikov,^^ W. Ashmanskas/'' A. Attal,^ A. Aurisano,^^ F. Azfar,"*^ P. Azzi-Bacchetta,''^ P. Azzurri,'*'^ 

N. Bacchetta,''^ W. Badgett,i^ A. Barbaro-Galtieri,^^ V.E. Barnes,''^ B.A. Barnett,^^ S. Baroiant/ 
V. Bartsch,3i G. Bauer,33 P.-H. Beauchemin,^! F. Bedeschi,'*^ S. Behari,^^ G. Bellettini,^^ J. Bellinger,^^ 
A. Belloni,33 D. Benjamin/^ A. Beretvas/"^ J. Beringer,^^ T. Berry,^^ A. Bhatti,50 M. Binkley," D. Bisello,'*^ 
I. Bizjak,3i R.E. Blair,2 C. Blocker,^ B. Blumenfeld,^^ A. Bocci/^ A. Bodek ^9 V. Boisvert ,^9 G. Bolla,^* 
A. Bolshov,^^ D. Bortoletto,''^ J. Boudreau,'^'^ A. Boveia,^" B. Brau,^" L. Brigliadori,^ C. Bromberg,^'^ 
E. Brubaker,i3 J. Budagov,!^ H.S. Budd,49 S. Budd,^^ K. Burkett,!^ G. Busetto,^^ p Bussey,^! A. Buzatu,^^ 
K. L. Byrum,2 S. Cabrera?, M. Campanelli,^^ M. Campbell,^^ F. Canelli," A. Canepa,^^ S. Carrillo^l^ 
D. Carlsmith,59 B. Caron,^^ R. Carosi,*^ S. Carron,^! B. Casal," M. Casarsa,^^ A. Castro,^ P. Catastini,46 
D. Cauz,^'* M. Cavalli-Sforza,3 A. Cerri,29 L. Cerrito™,^! S.H. Chang,^* Y.C. Chen,i M. Chertok/ G. Chiarelli,^^ 
G. Chlachidze," F. Chlebana," 1. Cho,^^ K. Cho,^^ D. Chokheli/^ J.P. Chou,^^ G. Choudalakis,^^ 
S.H. Chuang,52 K. Chung,!^ W.H. Chung,^^ Y.S. Chung,*^ M. Cilijak,46 C.I. Ciobanu,^^ M.A. Ciocci,^^ 
A. Clark,20 D. Clark,^ M. Coca,!^ G. Compostella,^^ ^ Convery,50 J. Conway/ B. Cooper,^! K. Copic.^s 
M. Cordelli,i9 G. Cortiana,^^ Crescioli,'*^ C. Cuenca Almenar?/ J. Cuevas'," R. Culbertson,!^ J.C. Cully,^^ 

S. DaRonco,'*3 M. Datta,!"^ S. D'Auria,^! T. Davies,^! D. Dagenhart,!"^ P. de Barbaro,^^ g. De Cecco,^! 
A. Deisher,29 G. De Lentdecker^^^ q p,g Lorenzo,^ M. DeU'Orso,'*" F. Delli Paoli,'*^ L. Demortier,^" J. Deng,!^ 
M. Dcninno,^ D. De Pedis,^! P.F. Derwent," G.P. Di Giovanni,^^ C. Dionisi,^i B. Di Ruzza,'^'' J.R. Dittmann,"* 
M. D'0nofrio,3 C. Dorr,26 S. Donati,'*6 P. Dong.^ J. Domni,^^ rp p)oj.igo,43 s. Dube,^^ j pfron.^s R. Erbacher/ 
D. Errede,24 S. Errede,24 R. Eusebi," H.C. Fang,^^ S. Farrington,30 I. Fedorko,'*^ W.T. Fedorko,^^ q peiid,60 
M. Feindt,26 J.P. Fernandez,32 R. Field,!^ G. Flanagan,-*^ R. Forrest/ S. Forrester/ M. Franklin/^ 
J.C. Freeman/9 I. Furic/^ M. Gallinaro/" J. Galyardt/^ J.E. Garcia/^^ F. Garberson/o A.F. Garfinkel/^ 
C. Gay/0 jj Gerberich/4 D. Gerdes/^ S. Giagu/i P. Giannetti/^ K. Gibson/^ J.L. Gimmell/^ C. Ginsburg/^ 
N. Giokaris°/5 M. Giordani/" P. Giromini/^ M. Giunta/^ G. Giurgiu/^ V. Glagolev/^ D. Glenzinski/^ 
M. Gold/^ N. Goldschmidt/s J. Goldstein^42 A. Golossanov/^ G. Gomez/i G. Gomez- Ceballos/^ 
M. Goncharov/3 O. Gonzalez/^ I. Gorelov/^ A.T. Goshaw/^ K. Goulianos/" A. Gresele/^ S. Grinstein/^ 
C. Grosso-Pilcher/3 R.C. Group/^ U. Grundler/" J. Guimaraes da Costa/^ Z. Gunay-Unalan/^ C. Haber/^ 
K. Hahn/3 S.R. Hahn/^ E. Halkiadakis/^ A. Hamilton/" B.-Y. Han/^ J.Y. Han/^ R. Handler/^ F. Happacher/^ 
K. Hara/5 D. Hare/^ M. Hare/^ S. Harper/^ R.F. Harr/* R.M. Harris/"^ M. Hartz/"^ K. Hatakeyama/° 
J. Hauser/ C. Hays/^ M. Heck/'^ A. Heijboer/^ B. Heinemann/^ J. Heinrich/^ C. Henderson/^ M. Herndon/^ 

J. Heuser/6 D. Hidas/^ C.S. Hill^l° D. Hirschbuehl/^ A. Hocker/^ A. HoUoway/^ S. Hou/ M. Houlden/° 
S.-C. Hsu/ B.T. Huffman/2 R.E. Hughes/^ U. Husemann/" J. Huston/^^ J. Incandela/" G. Introzzi/^ M. lori/^ 
A. Ivanov/ B. lyutin/^ E. James/^ D. Jang/^ B. Jayatilaka/^ D. Jeans/^ E.J. Jeon/* S. Jindariani/® 
W. Johnson/ M. Jones/^ K.K. Joo/* S.Y. Jun/^ J.E. Jung/^ T.R. Junk/* T. Kamon/^ P.E. Karchin/** 
Y. Kato/i Y. Kemp/6 p.^ Kephart/^ U. Kerzel/^ V. Khotilovich/^ B. Kilminster/^ D.H. Kim/^ H.S. Kim/^ 
J.E. Kim/** M.J. Kim/^ S.B. Kim/^ S.H. Kim/^ Y.K. Kim/^ N. Kimura/^ L. Kirsch/ S. Klimenko/^ 
M. Klute/3 B. Knuteson/3 B.R. Ko/^ K. Kondo/"^ D.J. Kong/^ J. Konigsberg/** A. Korytov/^ A.V. Kotwal/^ 

A.C. Kraan/5 J. Kraus/* M. Kreps/^ J. Kroll/'^ N. Krumnack/ M. Kruse/^ V. Krutelyov/o T. Kubo/^ 
S. E. Kuhlmann/ T. Kuhr/^ N.P. Kulkarni/^ Y. Kusakabe/'' S. Kwang/^ A.T. Laasanen/** S. Lai/^ S. Lami/^ 
S. Lammel/^ M. Lancaster/^ R.L. Lander/ K. Lannon/^ A. Lath/^ G. Latino/^ I. Lazzizzera/^ T. LeCompte/ 
J. Lee/9 J. Lee/s Y.J. Lee/« S.W. Lee"/^ ^ Lefevre/° N. Leonardo/^ S. Leone/^ S. Levy/^ J.D. Lewis/^ 
C. Lin/o C.S. Lin/7 Lindgren/^ E. Lipeles/ A. Lister/ D.O. Litvintsev/^ T. Liu/^ N.S. Lockyer/^ 
A. Loginov/o M. Loreti/^ R.-S. Lu/ D. Lucchesi/^ P. Lujan/^ P. Lukens/^ G. Lungu/^ L. Lyons/^ J. Lys/^ 
R. Lysak/4 E. Lytken/^ P. Mack/'^ D. MacQueen/i R. Madrak/'^ K. Maeshima/^ K. Makhoul/^ T. Maki/^ 

P. Maksimovic/^ S. Malde/^ S. Malik/^ G. Manca/° A. Manousakis"/^ F. Margaroli/ R. Marginean/^ 
C. Marino/6 CP. Marino/* A. Martin/° M. Martin/^ V. Martin^/i M. Martinez/ R. Martmez-Ballarm/^ 
T. Maruyama/^ P. Mastrandrea/^ T. Masubuchi/^ H. Matsunaga/^ M.E. Mattson/** R. Mazini/^ P. Mazzanti/ 
K.S. McFarland/9 P. Mclntyre/^ R. McNulty^/° A. Mehta/° P. Mehtala/^ S. Menzemer''/^ A. Menzione/^ 
P. Merkel/8 C. Mesropian/o A. Messina/^ T. Miao/^ N. Miladinovic/ J. Miles/^ R. Miller/^ C. Mills/° 



2 



M. Milnik,26 A. Mitra,! G. Mitsclmakhcr,!^ A. Miyamoto,^^ S. Moed,20 N. Moggi,^ B. Mohr,« C.S. Moon,^^ 
R. Moore," M. Morello,''^ P. Movilla Fernandez,^^ J. Mulmenstadt,^^ A. Mukherjee," Th. Muller,^'^ Mumford,^^ 
P. Murat/'^ M. Mussini,^ J. Nachtman/^ A. Nagano,^^ J. Naganoma,^'^ K. Nakamura,^^ I. Nakano,^° A. Napier,^^ 

V. Nccula,i6 C. Ncu,45 M.S. Ncubaucr,^ J. Niclscn",29 L. Nodulman,^ O. NornicUa,^ E. Nursc,^! S.H. Oh,^^ 
Y.D. Oh,28 I. Oksuzian/s T. Okusawa,''! R. Oldcman,^" R. Orava,23 K. Ostcrbcrg,^^ C. Pagliaronc ,"6 E. Palencia,^i 
V. Papadimitriou/^ A. Papaikonomou,'^® A. A. Paramonov/'^ B. Parks, "^^ S. Pashapour,^^ J. Patrick, 

G. Pauletta,54 M. Pauliiii,!^ G. Paus,^" ^ g Pellett,^ A. Penzo,^^ T.J. Phillips,!*^ G. Piaceiitino,*<5 J. Piedra,^^ 
L. Pincra,!^ J. Pinfold,^" ^ Pitts,24 C. Plagcr,^ L. Pondrom,^" X. PortcU,^ O. Poukhov,!'^ N. Poundcr,''2 

F. Prakoshyn,i5 A. Pronko,i^ J. Proudfoot,^ F. Ptohos%i9 G. Punzi,46 J. Pursley,^^ J. Rademacker^42 
A. Rahaman,^^ V. Raniakrishnan,^^ N. Ranjan,^^ I. Redondo,^^ Reisert," V. Rekovic,^'^ P. Renton,^^ 
M. Rcscigno,-"^! S. Richter,^^ F. Rimondi,^ L. Ristori,^^ A. Robson,^! T. Rodrigo," E. Rogers,24 S. Rolli,^^ 
R. Roscr,!^ M. Rossi,^'* R. Rossin,io P. Roy,6i A. Ruiz," J. Russ,i2 V. Rusu,!^ H. Saarikko,23 A. Safonov,53 
W.K. Sakumoto,'^^ G. Salanianna,^! O. Salto,^ L. Santi,^^ S. Sarkar,^! L. Sartori,^^ K. Sato,i^ P. Savard,^! 
A. Savoy-Navarro,44 T. Scheidle,^^ P. Schlabach,!^ E.E. Schmidt,!^ M.P. Schmidt,60 M. Schniitt,^^ T. Schwarz,^ 

L. Scodellaro," A.L. Scott, A. Scribano,^^ F. Scuri,^^ A. Sedov,48 S. Seidcl,^^ Y. Seiya,^! A. Semenov,!^ 
L. Sexton-Kennedy," A. Sfyrla,20 S.Z. Shalhout,^^ M.D. Shapiro,^^ T. Shears,30 P.F. Shepard,^^ D. Sherman,22 
M. Shiniojima'^,55 M. Shochet,^^ y shon,^^ I. Shreyber,20 A. Sidoti,*^ P. Sinervo,^^ A. Sisakyan,!^ A.J. Slaughter," 
J. Slaunwhite,39 K. Sliwa,^^ J.R. Smith,'' F.D. Snider," R. Smhur,^! M. Soderberg,35 A. Soha,^ S. Somalwar,52 
V. Sorin,36 J. Spalding," F. Spinclla,46 T. Spreitzer,^! P. Squillacioti,''^ M. Stanitzki,60 A. Stavcris-Polykalas,^^ 
R. St. Denis,2i B. Stelzer,^ Q. Stelzer-Ghilton,''2 D. Stentz,^^ J. Strologas,^^ D. Stuart,i° J.S. Suh,28 A. Sukhanov,^^ 

H. Sun,56 I. Suslov,^^ T. Suzuki,^^ A. Taffard^ R. Takashinia,^° Y. Takeuchi,^^ R. Tanaka,^° M. Tecchio,^^ 
P.K. Tcng,i K. Terashi,'™ J. Thom'*," A.S. Thompson,2i E. Thomson,'*-'^ P. Tipton,^" V. Tiwari,i2 S. Tkaczyk," 

D. Toback,53 S. Tokar," K. Tollefson,36 T. Tomura,^^ D. Tonem,46 S. Torre,!^ D. Torretta," S. Tourneur,'*^ 
W. Trischuk,6i S. Tsuno,'*^ Y. Tu,^^ ^ Turini,^^ p ukegawa,^^ S. Uozumi,^^ S. Vallecorsa,20 N. van Remortel,23 
A. Varganov,35 E. Vataga,37 F. Vazquez%i8 G. Velev," G. Vellidis",^^ G. Veramendi,24 V. Veszprcmi,^^ M. Vidal,32 
R. Vidal," I. Vila," R. Vilar," T. Vine,3i M. Vogel,^^ I. Volhath,^! I. Voloboucv°,29 q. Volpi,46 F. Wiirthwcin,^ 
P. Wagner,53 R.G. Wagner,2 R.L. Wagner," J. Wagner,26 W. Wagner,26 R. Wallny,^ S.M. Wang,i A. Warburton,"! 
D. Waters,3i M. Weinberger,53 W.C. Wester III," B. Whitehouse,^^ D. WhitesonP,45 A.B. Wicklund,2 
E. Wicklund," G. Wimams,^! H.H. Wimams,''^ P. Wilson," B.L. Winer,39 P. Wittich''," S. Wolbers," 
C. Wolfc,i3 T. Wright,35 X. Wu,20 S.M. Wynnc,3" A. Yagil,^ K. Yamamoto,4i J. Yamaoka,52 T. Yamashita,^" 
G. Yang,'30 U.K. YangJ,i3 Y.C. Yang,28 W.M. Yao,29 G.P. Yeh," J. Yoh," K. Yorita,i3 T. Yoshida,^! G.B. Yu,''^ 

I. Yu,28 S.S. Yu," J.G. Yun," L. Zanello,^! A. Zanetti,^^ 1. Zaw,22 X. Zhang,24 J. Zhou,52 and S. Zucchelli^ 

^Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China 
^Argonne National Laboratory, Argonne, Illinois 60439 
^Institut de Fisica d'Altes Energies, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona), Spain 

^Baylor University, Waco, Texas 76798 
^Istituto Nazionale di Fisica Nucleare, University of Bologna, 1-40127 Bologna, Italy 
^Brandeis University, Waltham, Massachusetts 02254 
'^University of California, Davis, Davis, California 95616 
^University of California, Los Angeles, Los Angeles, California 90024 

^University of California, San Diego, La Jolla, California 92093 
University of California, Santa Barbara, Santa Barbara, California 93106 
Instituto de Fisica de Cantabria, CSIC- University of Cantabria, 39005 Santander, Spain 
Carnegie Mellon University, Pittsburgh, PA 15213 
'^Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637 
Comenius University, 842 48 Bratislava, Slovakia; Institute of Experimental Physics, O4O 01 Kosice, Slovakia 
Joint Institute for Nuclear Research, RU-141980 Dubna, Russia 
^^Duke University, Durham, North Carolina 27708 
'"'Fermi National Accelerator Laboratory, Batavia, Rlinois 60510 
'^University of Florida, Cainesville, Florida 32611 
Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, 1-00044 Frascati, Italy 
^"University of Ceneva, CH-1211 Geneva 4, Switzerland 
^'Glasgow University, Glasgow G12 8QQ, United Kingdom 
^^Harvard University, Cambridge, Massachusetts 02138 
Division of High Energy Physics, Department of Physics, 
University of Helsinki and Helsinki Institute of Physics, FIN-OOOI4, Helsinki, Finland 



3 



^'^ University of Illinois, Urbana, Illinois 61801 
The Johns Hopkins University, Baltimore, Maryland 21218 
^^Institut fiir Experimentelle Kemphysik, Universitdt Karlsruhe, 76128 Karlsruhe, Germany 
High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305, Japan 
Center for High Energy Physics: Kyungpook National University, 
Taegu 702-701, Korea; Seoul National University, Seoul 151-742, 
Korea; SungKyunKwan University, Suwon 440-746, Korea 
^'^ Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720 
University of Liverpool, Liverpool L69 7ZE, United Kingdom 
University College London, London WCIE 6BT, United Kingdom 
"^Centro de Investigaciones Energeticas Medioambientales y Tecnologicas, E-28040 Madrid, Spain 
''"^Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 
'"'Institute of Particle Physics: University of Alberta, 
Edmonton, Canada T6G 2G7; McGill University, Montreal, 
Canada H3A 2T8; and University of Toronto, Toronto, Canada M5S 1A7 
"'^University of Michigan, Ann Arbor, Michigan 48109 
Michigan State University, East Lansing, Michigan 48824 
^"^ University of New Mexico, Albuquerque, New Mexico 87131 
^^Northwestern University, Evanston, Illinois 60208 
''^The Ohio State University, Columbus, Ohio 43210 
^" Okayama University, Okayama 700-8530, Japan 
Osaka City University, Osaka 588, Japan 
University of Oxford, Oxford 0X1 3RH, United Kingdom 
''''University of Padova, Istituto Nazionale di Fisica Nucleare, 
Sezione di Padova-Trento, 1-35131 Padova, Italy 
^^LPNHE, Umversite Pierre et Mane Curie/IN2P3-CNRS, UMR7585, Pans, F-75252 France 
University of Pennsylvania, Philadelphia, Pennsylvania 19104 
^^Istituto Nazionale di Fisica Nucleare Pisa, Universities of Pisa, 
Siena and Scuola Normale Superiore, 1-56127 Pisa, Italy 
University of Pittsburgh, Pittsburgh, Pennsylvania 15260 
Purdue University, West Lafayette, Indiana ^7907 
University of Rochester, Rochester, New York 14627 
'^"The Rockefeller University, New York, New York 10021 
^'istituto Nazionale di Fisica Nucleare, Sezione di Roma 1, 
University of Rome "La Sapienza," 1-00185 Roma, Italy 

^^Rutgers University, Piscataway, New Jersey 08855 
''■^ Texas A&M University, College Station, Texas 77843 
^^Istituto Nazionale di Fisica Nucleare, University of Trieste/ Udine, Italy 
University of Tsukuba, Tsukuba, Ibaraki 305, Japan 
Tufts University, Medford, Massachusetts 02155 

^"^Waseda University, Tokyo 169, Japan 
Wayne State University, Detroit, Michigan 48201 
University of Wisconsin, Madison, Wisconsin 53706 
^"Yale University, New Haven, Connecticut 06520 
Institute of Particle Physics: McCill University, Montreal, 
Canada H3A 2T8; and University of Toronto, Toronto, Canada M5S 1A7 

We have searched for exclusive 77 production in proton-antiproton collisions at ^/s = 1.96 TeV, 
using 532 pb~^ of integrated luminosity taken by the Run II Collider Detector at Fermilab. The 
event signature requires two electromagnetic showers, each with transverse energy Et > 5 GeV and 
pseudorapidity I77I < 1.0, with no other particles detected in the event. Three candidate events are 
observed. We discuss the consistency of the three events with 77, 7r°7r°, or rjrj production. The 
probability that other processes fluctuate to > 3 events is 1.7 x 10~*. An upper limit on the cross 
section of pp — > p + 77 + p production is set at 410 fb with 95% confldence level. 

PACS numbers: 



We have searched for the "exclusive" process p -\- p 
P+77+P in the Collider Detector at Fermilab, CDF II, at 
^/s = 1.96 TeV. Exclusive means that no other particles 
are produced; in our study the b and p emerge intact with 
small transverse momenta pT [ij and the two photons are 
central with pseudorapidity, \r]\ < 1.0. An exclusive 77 



event can be produced via gg 77 through a quark 
loop, with an additional "screening" gluon exchanged to 
cancel the color of the interacting gluons, and so allow 
the leading hadrons to stay intact, as shown in Fig. [T] 
This process offers a novel possibility to test QCD, and 
is closely related 0, H, 0, 01 to exclusive Higgs boson Q 
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production at the LHC p + p ^ p + H + p, where the 
production mechanism of the Higgs boson is gg-iusion 
through a top quark loop. In both cases the final state, 
77 or H, is not strongly interacting, and thus the QCD 
calculation of both diagrams is similar. However, the 
calculation is difficult as the screening gluon has low Q^, 
and other non-perturbative interactions in the same pp 
collision could produce additional particles. Calculations 
for exclusive Higgs production have been made using a 
variety of models, but these predictions cover a range of 
over two orders of magnitude [3,@|. Since the QCD part 
of the calculation is the same for H and 77 production, 
and only the calculable matrix elements gg — > 77 and 
gg —>■ H are different, exclusive 77 production provides 
an excellent test of the theoretical predictions for H pro- 
duction. For exclusive production of two photons, each 
with transverse energy [jy] > 5 GeV and pseudora- 
pidity {rj'^l < 1, the only predicted cross sections 0] are 
36 fb at the Tevatron, at = 1.96 TeV, and 200 fb at 
the LHC. The same authors predict a{p+p p + H+p) 
= 3 fb at the LHC for a standard model Higgs with 
Mh = 120 - 140 GeV/c^, claiming a factor of about 
three uncertainty for both processes. However, an NLO 
calculation has not been done and so these uncertainties 
are difficult to estimate. 




FIG. 1: The dominant diagram for central exclusive 77 pro- 
duction in pp collisions. The primary process is gg — > 77 
through quark loops, with a screening gluon to cancel the 
exchanged color. 



Processes other than gg 77 can produce an exclusive 
77 final state. Contributions from qq 77 and 77 —^ 77 
are respectively < 5% and <l%of55-^77[3|]. The 
dominant backgrounds to the observation of exclusive 77 
events are the production of 7r°7r° or 7777, with each me- 
son decaying to two photons. No theoretical calculation 
of exclusive tt°tt° or rji] production has been published; 
however, both cross sections are estimated to be about 
25% of the diphoton process, in the kinematic range of 



this study. 

This Letter presents the first search for exclusive 77 
production in hadronic interactions. We use 532 pb~^ 
integrated luminosity of pp collisions at ^/s = 1.96 TeV 
delivered to the CDF II detector at the Tevatron. The 
CDF II detector is a general purpose detector described 
elsewhere Q ; here we give a brief summary of the detec- 
tor components used in this analysis. Surrounding the 
beam pipe is a tracking system consisting of a silicon 
microstrip detector, a cylindrical drift chamber (COT), 
and a solenoid providing a 1.4 Tesla magnetic field. The 
tracking system has nearly 100% efficiency for recon- 
structing isolated tracks with pT > 1 GeV/c and \r]\ < 1. 
It is surrounded by the central and end-plug calorime- 
ters covering the range < 3.6. Both calorimeters have 
separate electromagnetic and hadronic compartments. A 
proportional wire chamber (CES) 0] is embedded in the 
central electromagnetic calorimeter, \ri\ < 1.1, at a depth 
of six radiation lengths. It allows a measurement of the 
number and shape, in both transverse directions, of elec- 
tromagnetic showers. The anode wire pitch (in (/)) is 
1.5 cm and the cathode strip pitch varies with rj from 
1.7 cm to 2.0 cm. The CES provides a means of dis- 
tinguishing single photon showers from tt° — > 77 and 
'? ^ 77- The region 3.6 < I77I < 5.2 is covered by a lead- 
liquid scintillator calorimeter called the miniplug [l^. 
At higher pseudorapidities, 5.4 < |ry| < 7.4, scintillation 
counters, called beam shower counters (BSC), are located 
on each side of the CDF detector. Gas Cerenkov detec- 
tors covering 3.7 < \r]\ < 4.7 determine the luminosity 
with a 6% uncertainty ll| . 

Exclusive 77 production is modeled with the exhume 
Monte Carlo generator 12| , based on theoretical calcula- 
tions Simulated single photons, and photons from 
7r° and rj decay, are passed through the GEANT j^]-based 
detector simulation 15| to determine their detection ef- 
ficiencies. 

The event signature requires two electromagnetic 
showers each with transverse energy Et > 5 GeV, with 
no other particles detected in the full CDF detector, 
which covers —7.4 < rj < +7.4. The outgoing proton 
and antiproton are not detected. The event selection 
here follows closely that described in Ref. where, us- 
ing the same trigger and a similar analysis, we observed 
exclusive e^e~ production. The only differences are the 
tracking requirements, and we restrict the \r]\ coverage 
from ±2.0 to ±1.0. The trigger requires two electromag- 
netic clusters and no BSC counter activity in the region 
5.4 < \ri\ < 5.9. The measured cross section for \jf\ < 2.0 
andpf, > 5 GeV/c (for both e+ and e") is 1.6lo;3(stat.)± 
0.3(syst.) pb (16 candidates with 1.9±0.3 background), 
in agreement with the theoretical QED cross section of 
1.71 ± 0.01 pb. Assuming the theoretical cross section to 
be correct, this agreement is evidence that the efficiency 
of the cuts we make to define exclusive processes is well 
understood. 
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For the diphoton analysis we select events containing 
two electromagnetic showers, each with Et > 5 GeV 
and 1 77 1 < 1.0 and with a hadronic-to-electromagnetic 
energy ratio < 0.058, consistent with that of a photon. 
We require either no tracks pointing to the showers or 
two adjacent tracks consistent with a photon conversion 
(7 — > e^e^). The efficiency for triggering, reconstruct- 
ing, and identifying a 77 event with two photons each 
with > 5 GeV and I??''! < 1 is 0.57 ± 0.07. Cosmic 
ray events are rejected by requiring that the time of 
each shower is consistent with photons coming from a 
bunch crossing. The efhciency of signal events to pass 
this cut is 0.93 ± 0.03. We define "exclusivity" cuts that 
are designed to reject events having any additional par- 
ticles in the range jryj < 7.4 that are not associated with 
the 7-candidates; these cuts require no additional energy 
deposits ("particle signatures") above noise thresholds 
in the calorimeters or the BSC. We do not use track 
or CES information in this selection. One particle can 
shower and cause several "signatures" . We define the ex- 
clusivity cut efficiency £cxc as the probability that this 
exclusive requirement is not spoiled by another inelastic 
interaction in the same bunch crossing. It is measured, 
as explained in Ref. , as the fraction of bunch cross- 
ing triggers that pass the exclusivity cuts, which depends 
on the individual bunch-by-bunch luminosities. We find 
£cxc = 0.086 ± 0.001. The total efficiency is reduced by 
events which contain a photon conversion or electron 
bremsstrahlung which fail the exclusivity requirements, 
estimated to be 0.87 ±0.09 using the exhume simula- 
tion. The probability of the scattered p{p) depositing 
energy in the BSC is negligible if their pT is less than 1.2 
GeV/c. 

The total efficiency for all the above event selection 
criteria, for the p + p —^ p + 77 -I- p process, for pho- 
tons each with > 5 GeV and |?7'^| < 1, is 4.0 ± 0.7%. 
Three events pass the selection criteria; their properties 
are given in Table I. The Et values of the six electro- 
magnetic clusters are all between 5 and 7 GeV, and the 
azimuthal opening angle between the two photon candi- 
dates is A(f)jj > 2.9 rad, so the 77 invariant mass exceeds 
10 GeV/c^. The difference from Aip^^ = tt may be at- 
tributed to the outgoing p and p transverse momenta. 

Five background sources to exclusive 77 production 
are considered: cosmic rays, exclusive e~^e~ events 
where both electrons are mis- identified as photons, non- 
exclusive events in which additional particles do not 
leave a signature in the detector, "quasi-exclusive" events 
where one or both outgoing protons dissociate and the 
dissociation products are all very forward, beyond the 
detector coverage, and exclusive n°n° or 7777 production. 

The cosmic ray background is determined to be negli- 
gible from the distribution of the arrival time of electro- 
magnetic showers. Cosmic rays are also expected to give 
hits in the tracking detectors. However, a visual inspec- 
tion of the event displays shows only random noise hits 



Event S gr(GeV) (r;,0) TVces Xces P(^°) P(7) 



Al 


6.8 


(0.44,6.11) 


1 


1.0 


0.14 


0.26 


A2 


5.9 


(0.19,2.83) 


1 


1.3 


0.19 


0.36 


Bl 


5.0 


(-0.07,4.86) 


1 


1.4 


0.21 


0.39 


B2 


5.4 


(0.67,1.66) 


2 








CI 


6.0 


(-0.44,1.66) 


1 


13.4 


0.89 


0.98 


C2 


5.1 


(0.22,5.05) 


2 


2.2 


0.33 


0.57 



TABLE I: Properties of the calorimeter showers (S) of the 
three candidate events: given are the Et, the rj and </!) loca- 
tion, the total number of CES clusters inside the same CES 
chamber, A'^ces, and the Xces value (a shower shape vari- 
able, explained in the text). Also given are the probabilities 
that a Tv° and a photon have a Xces value smaller than that 
observed. 



in the COT and the silicon detector for 5 of the 6 show- 
ers in Table I. In the sixth case, shower B2, an e"'"e^-pair 
from a photon conversion is seen, with the sum of the two 
momenta consistent with the calorimeter shower energy. 

Diclectron events [l^ could be misidentified as 77 
events if both electron tracks are not reconstructed or 
the electrons undergo energetic bremsstrahlung. This 
contribution is estimated from Ref. [3l to be 0.02 ± 0.02 
events. 

Non-exclusive events, i.e. those with central particles 
in addition to the two photons, may appear to be exclu- 
sive if the additional particles are not detected through 
inefficiency. We study this by selecting events that con- 
tain two photon candidates and no tracks in the track- 
ing detectors (other than conversion tracks), without 
other requirements on the central and end-plug calorime- 
ters. Only four events in the data sample pass these 
criteria: the three candidates with zero additional par- 
ticle signatures, and one event with 13 signatures in 
the calorimeters. This background is estimated to be 
0.06 ± 0.03 events by using the same shape for the dis- 
tribution of additional particle signatures as in exclusive 
e+e^ events (l6| . 

The proton dissociation background is small since all 
the dissociation products must have \ri\ > 7.4 to escape 
detection in the BSC counters. There are also few excita- 
tion states available to the proton due to spin restrictions 
on the final state [l^. In Ref. Q it was estimated that 
the dissociation background is not expected to exceed 
~ 0.1% of the exclusive signal sample, which corresponds 
to < 0.01 events in the three-candidate sample. We take 
this background to be 0.01 ± 0.01 events. 

Backgrounds can arise from exclusive pair production 
of neutral mesons, i.e. 7r°7r° and 7777. One photon from 
the TT° or 77 decay can be undetected or, in the 7r° case, 
the two photon showers can merge. Exclusive 7r°?7 is sup- 
pressed by isospin conservation and 7 -I- {tt° /rf) is forbid- 
den by C-parity conservation. Production of 7r°7r° and 7777 
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cannot be unambiguously distinguished from 77 produc- 
tion on an event-by-event basis. Since the cross sections 
are not well known, these backgrounds cannot be directly 
calculated; we discuss them later. 

We therefore observe three exclusive p + p p + 
{■j"f / TT° / rji]) +p candidate events with a background 
of 0.09 ± 0.04 events. The probability for three or 
more events to be observed when 0.09 ± 0.04 (assumed 
to be the mean and standard deviation of a gamma- 
distribution) are expected is 1.7x10"''. We set an up- 
per limit on the cross section for exclusive 77 produc- 
tion, taking into account the background and its uncer- 
tainty, the signal selection efficiency, and the integrated 
luminosity. A Bayesian approach is used assuming a 
flat prior for the cross section and a gamma-distribution 
for the uncertainties. This gives a limit on the produc- 
tion cross section a {p + p ^ p + + p) < 410 fb (for 
> 5 GeV, It^'^I < 1) at 95% confidence level. 

We now discuss the three candidate events as possi- 
ble 77, 7r°7r°, or rjr] production. The selection efficiency, 
including exclusivity cuts, for a photon from an isolated 
7r° 77 is 13% lower than that of a direct photon, while 
the selection efficiency for an isolated ^ 77 is 35% 
lower. Relative to 7r°7r° production, ryry detection is fur- 
ther suppressed by a factor 0.15, due to the branching 
fraction for 77 — > 77. We therefore treat the potential 
background as being predominantly 7r°7r°. 

We can only distinguish between single photons, and 
photons from 7r° decay, using the distribution of signals 
on the CES strips and wires, in the module covering 
Acf) = 15° and I77I < 1.1 which contains the shower. CES 
clusters are formed using 11 adjacent strips or wires. We 
may observe two separate clusters, iVcES = 2, from 7r° de- 
cay. If we observe a single cluster, A^ces = 1, it could be 
from a tt° if the two photon showers overlap or if one pho- 
ton shower is not detected. The number of CES clusters 
in the three candidate events is shown in Table I. While 
only 12% of photons have a second CES cluster, 28% 
(46%) of the 7r° (77) do. From simulation the probability 
that one photon from Tr° /r] —^ 77 is not detected in the 
CES, by ranging out or not interacting, is 0.125±0.025. 
Single clusters from photons or 7r° can be distinguished 
statistically using their shape. We use the distribution 
of pulse heights on the wires and strips to form a vari- 
able, XcES' ^^^^ compares the lateral shape with that for 
an electron shower. A simulated distribution of Xces ^'^^ 
photons and 7r°'s is shown in Fig. [21 it has a longer tail 
for 7r°'s than for photons but it does not allow an event- 
by-event separation. Using the distributions in Fig. [2] 
the probability (^(7), P(7r°)) that a shower has a Xces 
less than the observed value was calculated for the five 
non-conversion shower candidates. Calculated values are 
given in Table I. 

In Event A both showers are single clusters with a 
small XcES' more consistent with originating from pho- 
tons than from 7r°'s. In Event B shower Bl also has a 




FIG. 2: The simulated distribution for Xces for prompt pho- 
tons (solid histogram), and n° — > 77 decays (dashed his- 
togram). In all cases Et is required to be between 5 and 
7 GeV. 



very low XcbS' while shower B2 is a photon conversion 
and the Xces uiethod cannot be used. Two clusters in 
the CES are separated in 0, but not in 77, as expected for 
a conversion. The sum of the two track momenta is 5.40 
GeV/c, and the calorimeter energy is 5.45 ±0.35 GeV, so 
if there were a second photon from a 7r° or 77 it would have 
< 0.55 GeV (95% C.L.), with a probability < 10% 
that a TT° or 77 decay would have such an energy asym- 
metry. Also, no additional shower is observed. Therefore 
events A and B clearly favor the 77 hypothesis, with 
three narrow single showers and one photon conversion 
without an accompanying shower. We cannot give an 
unbiased value for the n°TT° background, since this study 
was done a posteriori. In Event C, one shower (CI) has 
a very large Xces {only 2% of photon showers have a 
larger value), and the other shower (C2) has A'^ces = 2. 
Both favor the hypothesis that it is a 7r°7r° event. A like- 
lihood ratio calculation, using only the A'^ces 8.iid Xces 
distributions, favors the 7r°7r° hypothesis over the 77 hy- 
pothesis by a factor 4. For one event in three candidates 
to be 7r°7r° is compatible with the theoretical estimate Q 
(about 1/5). 

In conclusion, we have observed three candidate events 
for exclusive 77, 7r°7r° , or 7777 production with an expected 
background of 0.09 ± 0.04 events. The probability to 
observe three or more events when 0.09 ± 0.04 are ex- 
pected from other processes is 1.7 x 10~^, corresponding 
to a statistical significance of 3.7cr. Though two of the 
candidates are most likely to arise from 77 production, 
the 7r°7r° 77777 hypotheses cannot be excluded. Therefore 
we report a 95% C.L. upper limit on the exclusive 77 
production cross section {E^ > 5 GeV, |77'''| < 1.0) of 
410 fb, approximately a factor of ten higher than the 
prediction [3| . We note that the prediction of Ref. [3] of 
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36I24 fb would correspond to O.StoJ events, compatible 
with our observations. This result may be used to con- 
strain calculations of exclusive Higgs boson production 
at the LHC; it disfavors the highest predictions. 
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